Spin liquid is a state of electron spins where quantum fluctuation breaks magnetic ordering with keeping spin correlation [1]. It has been one of central topics of magnetism because of its relevance to fascinating phenomena such as high-T c superconductivity [2, 3] and topological states [4]. In spite of the profound physics, on the other hand, spin liquid itself has been quite difficult to utilize.
Spin liquid is a state of electron spins where quantum fluctuation breaks magnetic ordering with keeping spin correlation [1] . It has been one of central topics of magnetism because of its relevance to fascinating phenomena such as high-T c superconductivity[2, 3] and topological states [4] . In spite of the profound physics, on the other hand, spin liquid itself has been quite difficult to utilize.
Typical spin liquid states are realized in one-dimensional spin systems, called quantum spin chains [5, 6 ]. Here we show that a spin liquid in a spin-1/2 quantum chain generates and carries spin current via its long-range spin fluctuation. This is demonstrated by observing an anisotropic negative spin Seebeck effect [7] [8] [9] [10] [11] [12] along the spin chains in Sr 2 CuO 3 . The result shows that spin current can flow even in an atomic channel owing to the spin liquid state, which can be used for atomic spin-current wiring.
A flow of electrons spin angular momentum is called spin current [13] . In condensed matter science, transport properties of spin current have attracted considerable interest since the discovery of various spin-current phenomena [14, 15] . In spintronics [16] , on the other hand, it is of critical importance to find materials which can carry spin angular momentum efficiently in integrated microscopic devices.
Two types of spin current have experimentally been explored so far. The first one is conduction-electron spin current, which is mediated by an electron motion in metals and semiconductors. Its velocity and propagation length are thus limited by electron diffusion [17] . The other type is spin-wave spin current [18, 19] , where spin waves, wavelike propagation of spin motions in magnets, carry spin angular momentum. Its excitation gap is equal to a spin-wave gap, proportional to magnetic anisotropy. Importantly, spin-wave spin current can exist even in insulators in which spin relaxation via conduction electrons is absent, an advantage which may realize fast and long-range spin current transmission, opening a new field of insulator-based spintronics. However, spin-wave spin current in classical magnets may not be suitable for microscopic devices, since handling spin waves becomes difficult when devices are miniaturized toward atomic scale; in ferromagnets, spontaneous magnetization brings about significant stray fields, causing crosstalk. In an antiferromagnetic system, on the other hand, spin ordering patterns should be broken or interfered when a device is in atomic scale; in both cases, spin waves become vulnerable. Therefore, to realize spin-current transport in microscopic devices, spin ordering is expected to vanish with keeping strong interaction among spins.
Here, we would like to make a new type of spin current debut: spinon spin current, which may provide a channel for atomic spin transmission to satisfy the requirements. A spinon generally refers to magnetic elementary excitation in quantum spin liquid states [1] . When system size of a magnet is reduced to atomic scale, quantum spin fluctuation comes up to the surface and dominates spin properties. The most typical one is found in one-dimensional spin-1/2 chains realized in some oxides, such as an insulator Sr 2 CuO 3 [20] [21] [22] . In Sr 2 CuO 3 , as shown in Fig. 1a , each Cu 2+ ion carries spin-1/2 and is connected each other linearly along the b-axis. Because of the one-dimensionality, fluctuation of the spin-1/2 is so strong that it prevents magnetic ordering. As a result, antiferromagnetic interaction embedded in the chain creates a paramagnetic state accompanied by strong spin-singlet correlation, called a quantum spin liquid state. Spin excitation from the spin-liquid ground state has been predicted to be particle-like and to exhibit zero excitation gap: this excitation is called a spinon. This gapless feature is robust against magnetic fields and magnetic anisotropy.
Furthermore, theories have predicted that the correlation of spinons is of a markedly longlength scale; even infinite correlation length is predicted in the context of the TomonagaLuttinger liquid theories [5] . These mean that, in such a system, spin current may propagate in a long distance via spinons along the atomic chain: an ideal feature for atomic spin-current interconnection.
To drive spin current, one of the most versatile methods is to use a longitudinal spin Seebeck effect (LSSE). LSSE refers to generation of spin current as a result of a temperature gradient applied across a junction between a magnet, typically an insulator magnet, and a metal film, typically Pt. The temperature gradient injects spin current into the metal from the magnet. The injected spin current is converted into electric voltage via the inverse spin
Hall effect (ISHE) [23] [24] [25] in the metal. The voltage is generated perpendicular to the spin polarization and the propagation directions of the spin current. By measuring the voltage generation, the method enables sensitive detection of spin current. The amplitude of the injected spin current is proportional to the non-equilibrium accumulation of spin angular momentum at the interface in the magnet. In the present study, we utilized LSSE to extract spin current from a spin liquid system.
Spinon-induced LSSE is characterized by a distinguished feature: theory predicts that the sign of angular momentum due to a spinon LSSE is opposite to that of the spin-wave LSSE at low temperatures under magnetic fields. The opposite angular momentum is due mainly to the singlet correlation growing with lowering temperature in the spin liquid states in contrast to ferromagnetic correlation growing in classical magnets. Detailed theoretical calculations using a microscopic model reproduce this intuition, which is described in the following. By exploiting these properties of LSSE, we observed spin-current generation and transmission in Sr 2 CuO 3 . Figure 1b is a schematic illustration of the experimental set-up used in the present study.
The sample consists of a single crystal of Sr 2 CuO 3 and a Pt thin film. The Pt film is used as a spin-current detector based on ISHE, in which spin current is converted into an electromotive force, E SHE (Fig. 1d) . The spin chains in the Sr 2 CuO 3 are set normal to the Pt film plane (Fig. 1c) . A temperature gradient, ∇T , was generated along the spin chains by applying the temperature difference ∆T between the top of the Pt film and the bottom of the Sr 2 CuO 3 (see also The sign reversal of V /B was found to be related to spin-current injection from Sr 2 CuO 3 as follows. In Fig. 3a Figs. 3c and 3d) , and, remarkably, V /∆T peak with positive sign appears around 20 K (pink arrow in Fig. 3a) : the opposite peak sign to that of Pt/Sr 2 CuO 3 (sky blue arrow in Fig. 3a) . The sign change between W and Pt shows that the low-temperature V /∆T signal is attributed mainly to ISHE due to spin current injected from Sr 2 CuO 3 .
In • ). We also note that the thermal conductivity of Sr 2 CuO 3 is almost isotropic [22] and, therefore, the voltage suppression cannot be attributed to a reduction in the magnitude of ∇T . The negative and anisotropic LSSE is evidence that spin current is generated and conveyed by spinons through the spin chains of the Sr 2 CuO 3 .
The spin transport along the spin chain was confirmed also by disappearance of V /B by partially breaking the spin chains. The negative V /B signal in Pt/Sr 2 CuO 3 disappeared when the average spin-chain length was reduced from ∼ 10 −6 m to ∼ 10 −7 m by decreasing the purity of the starting compounds of Sr 2 CuO 3 (99.999% → 99.9%) [28] .
Finally, we turn to theoretical formulation of the spinon LSSE in the present system. We calculated a spin current, I s , injected across the metal/Sr 2 CuO 3 interface by combining a Recently, optically induced crystallization of amorphous Sr-Cu-O was developed [45] . In the crystallization, spin-chain directions were found to align along the light-scanning direction, an advantage in application to tailor-made spin wiring. We anticipate that the present discovery of spin-current transmission along a quantum spin chain will also lead to advances of spin integrated circuit technology.
Methods

Sample preparation
The single crystalline Sr 2 CuO 3 was grown from primary compounds SrCO 3 and CuO with 99.999% by a traveling-solvent floating-zone method [22] . The single crystalline Sr 2 CuO 3 was cut into a cuboid 5 mm long, 1 mm wide, and 1 mm thick. The surface of the Sr 2 CuO 3 was polished mechanically in a glove box filled with a N 2 gas. We found that exposure of the sample to air causes deterioration of the sample, since the surface of Sr 2 CuO 3 reacts rapidly with moisture [28] . The 7-nm-thick Pt film was then sputtered on the polished surface (5 × 1 mm 2 ) of the Sr 2 CuO 3 in an Ar atmosphere.
Voltage measurement
Voltage data were taken in a Physical Properties Measurement System (Quantum Design, Inc.). The Pt (W)/Sr 2 CuO 3 sample was sandwitched by sapphire plates and the bottom of the sample was thermally anchored at the system temperature T . The temperature gradient
∇T was generated between the sapphire plates using a chip resistor (100 Ω) on the sapphire plate attached to the metal film. The temperature difference ∆T between the sapphire plates was set to be ∆T /T < 0.1 at each system temperature T . Two electrodes were attached to both the ends of the metal film to measure voltage. An exter nal magnetic field was applied in the in-plane direction which is normal to the direction of ∇T as well as the direction across the two electrodes. S. and E. S wrote the manuscript. All authors discussed the results and commented on the manuscript.
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where S j is the spin-1/2 operator on the j-th site (we seth = 1), J < 0 is the AF exchange coupling, ∆ is the Ising-type anisotropy, and B = gµ B H is the magnitude of the external magnetic field (g, µ B , and H are, respectively, the g factor, the Bohr magneton, and the magnetic field). Note that S j is defined as S j = −S In this section, we explain the theory part of the longitudinal spin Seebeck effect (LSSE) of spin-1/2 AF chains (1). We consider the model for the experimental set-up (Fig. 1b), as shown in Fig. 5 , where temperatures of the spin chain (Sr 2 CuO 3 ) and metal (Pt) are respectively set to be T s and T m , and the exchange coupling J sd exists at the interface. For this set-up, the microscopic theory [28, 33] shows that the spin current I s injected into the metal through the interface is given by
where χ −+ and X −+ are, respectively, the local-spin dynamical susceptibilities of the metal and the spin chain, n(T ) = 1/(e ω/T − 1) is the Bose distribution function (ω: frequency), and N int is the total number of sites at the interface. Indices −+ denote the transverse spins S ± = S x ± iS y , and the explicit form of X −+ is given by
where k is the wave number, N is the total number of sites, τ is imaginary time, β = 1/T , ω n = 2πn/β (n: integer), and T τ stands for imaginary-time ordered product. The susceptibility of metal χ −+ is also defined by replacing j, k and S ± j with conduction electron's coordinate r, wave vector k and spin s ± r , respectively, in Eq. (3). This interface spin current is converted into an electric current in the metal via the inverse spin Hall effect [22, 23] , and hence the LSSE voltage observed in the present study is proportional to the spin current by
The remaining task is to compute ImX At B = 0, it is shown that ImX
is an ω-odd function (Λ: a proper high-energy cut off). We therefore obtain zero spin currentĨ s = 0 at B = 0, and this is consistent with the experimental result. The result ofĨ s = 0 can be also proven by using time-reversal or spin-rotational symmetry. However, the formula (5) also shows that even for a finite field B = 0, ImX −+ TL is odd; zero spin current at B = 0 does not agree with the present experimental results. This suggests that the usual TL-liquid theory is not sufficient to explain the LSSE of quantum spin chains. This situation contrasts with the fact that the TL-liquid theory has successfully explained other dynamical phenomena of 1D magnets such as electron spin resonance [38] , nuclear magnetic resonance [39] [40] [41] , and neutron scattering spectra [42] [43] [44] .
In addition to the TL-liquid theory, other powerful theoretical techniques have been developed for 1D quantum many-body systems. The Bethe ansatz [45] [46] [47] , one of such techniques, is applicable to the AF spin-1/2 chain and it can exactly compute the dynamical correlation functions if we restrict ourselves to the T = 0 case. It shows that the curved spinon dispersion ω = ǫ(δk) gives the lower bound of the spectrum ImX −+ (ω, π + δk)
around k = π at T = 0. This is also supported by numerical calculations [48, 49] . On the other hand, in the formula (5), (as we mentioned) the spinon dispersion is approximated by the linearized dispersion ω = ±vδk. Due to this linear dispersion, both the positive-and negative-ω weights of Eq. (5) cancel out exactly. Therefore, a reasonable improvement of Eq. (5) is to replace ω ± vδk with ω − ǫ(±δk). In fact, the recently developed nonlinear TLliquid theory [50] also justifies the substitution of the curved spinon dispersion to Eq. (5).
For B > 0, the dispersion curve ω = ǫ(δk) becomes flatter in the positive-ω region than in the negative-ω region. As a result, the contribution from the positive-ω region is dominant in I s , which means that down-spin spinons are the main carriers of the spin current. We note that (as we will show below) magnons carry up-spins in the LSSE of 3D ordered ferromagnets, differently from the case of spinons. After the substitution of ω = ǫ(δk) to Eq. (5), we finally arrive at a finite, negative spin current for a positive external field B > 0. The negative sign is attributed to the dominant, negative weight of ImX −+ (ω, k) in the positive-ω region, and (as we will show in the next section) the sign is opposite to that of the spin current in 3D ordered ferromagnets. This agrees with the experimental result of the main text. By using the curved spinon dispersion, we can also show that the spinon spin current is proportional to the external field B in the low-field region (|B| < J), as shown in Fig. 4 of the main text. In Fig. 4 , keeping the LSSE of Sr 2 CuO 3 in mind, we set J = −2000 K, ∆ = 1 [19, 20, 21] , T = 20 K and τ s = 1/(200 K) [28] . We emphasize that it is essential to take into account effects of the curved dispersion (i.e., breaking of "particle-hole" symmetry) in the calculation of the spin-chain spin current.
SC. Spin Seebeck effect of ferromagnets
Here we have assumed that spins are polarized along the direction of B > 0. Based on the magnon (spin-wave) picture, the transverse spin susceptibility is viewed as the Green's function of magnon, and the result is written as
with η → +0. The imaginary part is hence given by ImX −+ (ω, k) = 2πSδ(ω + ω sw (k)). The temperature effect in the susceptibility can be taken if we replace S withS = S − a † r a r in Eq. (8). This equation shows that the weight of ImX −+ is located at the negative-ω region, which is in sharp contrast with the result of spin chains. Therefore, the spin current of 3D ferromagnets has the positive sign which is opposite to that of spin chains. Using these results, we arrive at the following spin-current formula of 3D ferromagnets:
In a sufficiently low-temperature region, the magnon dispersion can be approximated by a 
